Abstract Odours from waste management facilities, wastewater treatment plants and composting areas have become a major nuisance issue for operators. In addition to facing regulations which tend to become more stringent, operators are also facing increased public pressure due to complaints from neighbours resulting in the temporary shutdown of such plants, therefore the elimination of atmospheric odours is becoming a major industrial objective. Many commercial odour control products are available on the market, however, very little is known concerning their real efficiency and mechanism of action. This paper will present the results from the study of 19 agents collected in various countries. The products were first characterised both in terms of their chemical composition and sensory properties. Selected products with different modes of application were then submitted to a study of their efficiency at the pilot-scale level. The results from one product test showed no significant difference in their odour removal efficiency as determined by olfactory and chemical analysis of the emission before and after application of the odour control product.
Introduction
Odours from volatile emissions are becoming an increasing concern for operators of wastewater treatment plants, landfills and composting areas. In addition to facing regulations which tend to become more stringent (Mahin, 2001) , operators are also facing increased public pressure. As a matter of fact, during the last few years, complaints from neighbours have occasionally induced the temporary shutdown of such plants; therefore the elimination of atmospheric odours is becoming a major industrial objective.
A variety of processes is available to control odour emissions at the plant level, including activated carbon adsorption, absorption in scrubbers, thermal or catalytic oxidation, condensation and biofiltration (Burgess et al., 2001; Stuetz and Frechen, 2001) . Implementation of such processes has its limitations in terms of investment and operational cost and it may prove difficult at sites where odour sources are diffuse and where odour fluxes are highly variable in time. A recent and economic alternative to control odours is the treatment of emissions with air spray or surface application products (Lewicki and Longhurst, 2000) . These products consist of masking agents, counteractants, neutralisers and surfactant enhanced absorption agents (EA, 2002) ; each type of product differs according to its constituents and odour abating properties (Bouzalakos et al., 2004) . A survey carried out within the solid waste division of Suez Environment indicated that most sites experiencing odour problems are using masking agents or neutralisers as a solution of odour control treatment. Many commercial products are available on the market, however, very little is known concerning their real efficiency and mechanism of action.
The objective of this paper is to present the results from the study of 19 commercial agents collected in various countries. The products were first characterised both in terms of their chemical composition and sensory properties. Selected products with different modes of action were then submitted to tests in order to assess their efficiency at the pilot-scale level.
Chemical and sensory characterisation of products
The first part of this study consisted of collecting commercial products from different countries with all the information concerning their use (dilutions, application frequency, types of activities concerned), their mode of application (air spray, mixing or surface application) and security data. Chemical analysis of the products was performed to identify their constituents and to classify the commercial products according to the four categories defined by Bouzalakos et al. (2004) . Sensory analysis was carried out to determine the odour intensity of the diluted mixture, the hedonic tone and the main and secondary olfactory notes.
Materials and methods
Chemical analysis was carried out by headspace injection coupled with gas chromatography and mass spectrometry detection (HS/GC/MS); headspace temperature was fixed at 40 8C to simulate the transfer of active ingredients into the gaseous phase above a warm solid waste. The GC/MS system used was an Agilent 6890 chromatograph with a 5973N mass spectrometer and the headspace injection was managed by a Gerstel MultiPurposeSampler MPS 2 system. Sensory analysis was carried out with a panel of about 20 persons on products diluted according to the recommendations of the suppliers. Glass hermetic flasks were used to avoid odours from the container material. A few droplets of the diluted solution were absorbed on cotton wool to keep and homogenise the odours in the flasks.
Results and discussion
The main families of compounds identified by HS/GC/MS analysis of the gaseous emissions of pure commercial products included terpenic compounds, aliphatic and aromatic aldehydes and alcohols, glycols and esters. The identification of these compounds allowed a classification of the products between masking, neutralising or inhibiting agents. This classification does not necessarily match the information provided by the suppliers as it is presented in Table 1 .
Each family of compounds has a specific role as ingredients of commercial products: terpenic compounds and some oxygenated molecules have an olfactory role; most of them are known as odorous molecules and used in the perfume industry. Some terpenes also have an inhibiting effect on some specific malodorous molecules such as coumarin towards scatol, methyl salicylate towards pyridine and eucalyptol towards ethyl mercaptan. Among the terpenes, the main compounds measured in commercial products are limonene, a-pinene, b-pinene, camphene and eugenol.
Some aliphatic and aromatic aldehydes are used as typical reactive molecules for the neutralisation of hydrogen sulphide, mercaptans, ammonia and amines. Alcohols, glycols and esters are added in the products for their emulsifying properties and they contribute to the dispersion of the active molecules in water.
The results of the olfactory characterisation were correlated with the screening by HS/GC/MS. The olfactory notes identified by the panellists corresponded to some odorous molecules detected in the gaseous emissions of the products. Five products were qualified as aggressive or unpleasant with a main note of lemon or citrus fruits due to limonene, terpinolene and citral. The secondary notes were different among these products and were due to some terpenes such as camphene (camphor), diethyl acetal (jasmine), eugenol (spices), nerol or geraniol (rose). The panellists qualified the odours of nine products as pleasant; their common olfactory characteristic is the floral or fruity note due to some terpenes and aldehydes.
Efficiency assessment of products at the pilot scale
Selected products with different modes of action were then submitted to a study of their efficiency at the pilot-scale level. Some of the first results presented from these experiments allow a better understanding of the mode of action of these products on selected odorous chemicals and on the overall sensory perception.
Description of the pilot plant
The pilot plant consisted of two PVC reactors of 50 L filled to half with the same waste; one reactor was used as a reference while a masking or neutralising agent was applied to the waste sample in the second reactor. Several sampling and analysis lines were connected to both reactors; the following parameters were monitored on the reactors: ammonia using the online sensor AMT 102 from Vaisala, hydrogen sulphide and other reduced sulphur compounds using the on-line Air MEDOR (ChromatoSud) gas chromatograph coupled with an electrochemical detection. Other parameters were sampled on the reactors and subsequently analysed in the laboratory. Fatty acids were sampled in a scrubber with sodium hydroxide and analysed by high performance liquid chromatography coupled with UV (HPLC-UV). Volatile amines were sampled by scrubbing in an acid solution and analysed by solid-phase microextraction (SPME) coupled with gas chromatography and nitrogen phosphorous detector (NPD). Aldehydes and ketones were trapped on dinitrophenylhydrazine (DNPH) coated solid cartridges then measured by HPLC-UV after elution with acetonitrile. Volatile organic compounds (VOC) were trapped on Tenax TA and activated carbon (Carbotrap 300) cartridges and measured by thermal desorption coupled with GC/MS. Odour concentration units, expressed in European Odour Unit per cube metre (uo E /m 3 ), were determined by dynamic olfactometry as described in the European standard EN 13725 (EN13725:2003) . Hedonic tone was measured by asking the panel used for the dynamic olfactometry to evaluate the discomfort caused by the odour on a scale of five steps, the higher step corresponding to intolerable odours.
Results and discussion
The results presented in this article concern a pilot test carried out with the product N used in surface application on mature municipal solid waste. All the analytical data obtained during the pilot test are presented in Table 2 . The product N was classified as a neutraliser after the chemical and sensory characterisation in the laboratory; the supplier indicated that this product was specific for the neutralisation of ammonia and amines in gaseous emissions, especially in landfill sites, incinerator holes and sludge composting. No sulphur compounds were detected, neither were any fatty acids and methylamine in the emissions sampled from the test reactor and the reference during the test. Ammonia was detected at a concentration exceeding 40 mg/m 3 before and after product application; no real abatement was measured. The efficiency of neutralisation of product N could not be proved by this test. The trimethylamine concentrations were not sufficient to draw conclusions about a possible abatement on this amine, in accordance with the neutralisation reactions which involve only primary and secondary amines; no reaction is possible with a tertiary amine such as trimethylamine. Concerning oxygenated compounds, an increase of aldehyde concentrations was observed both in the reference and in the test reactor after product application. This increase cannot be attributed to product N because no product was applied in the reference and the same effect is observed in the reference; no benzaldehyde was detected in the test reactor after surface application even if this compound is present in the commercial product N.
The volatile organic compounds detected in the gaseous emissions in both reactors were similar and comprised mostly hydrocarbons, chlorinated hydrocarbons and siloxanes which are commonly present in biogas from landfill sites. No compounds found in the commercial product N were detected in the emissions of the test reactor after application. As for olfactory measurements, the odour units increased after product application but it could not be attributed to the product components because none of them were detected in the VOC screening by GC/MS. The odour concentration according to the EN standard 13725 is mostly due to ammonia, oxygenated compounds and hydrocarbons present in the emissions produced by the municipal solid waste. The values of hedonic tone were medium and equivalent before and after product application. According to these values, 40% of the people considered that the odour was unpleasant. This value was not so high because of the sweet odours of some compounds such as aldehydes and acetone present in the emissions. In this case of assessment of the hedonic tone, the presence of ammonia probably contributed to the rather high index of discomfort (40%) of the people in the panel because ammonia has a pungent and irritating odour and an olfactory detection limit of approximately 26 mg/m 3 which is 1,700 times less than the concentration in the test reactor. As a conclusion of this pilot test, no neutralisation efficiency on ammonia could be demonstrated for product N at the maximum recommended application dose; no assessment was possible for sulphur compounds because of a lack of emission. Product N had no masking effect because no modification of the hedonic tone was observed and no terpenes such as limonene, a-pinene or camphene were detected in the VOC screening.
Conclusions
Nineteen commercial products have been characterised on the chemical composition of their gaseous phase at 40 8C and on their odour in diluted solution prepared with water according to the supplier recommendations for field application. The products were classified into two main categories based on their mode of action; nine can be considered as neutralisers, eight as masking agents, one can have the two effects and one cannot be classified because no compounds were detected by HS/GC/MS. This classification is based on the type of compounds identified in the gaseous phase of the commercial mixture; these results have to be confirmed by tests at pilot scale on different kinds of bio-solids.
Results from one of the first pilot tests have shown that no neutralisation efficiency could be demonstrated for a product which contains some aldehydes known to be involved in the neutralisation reactions for ammonia and amines. More tests will be carried out to assess the efficiency of the other product at the pilot scale and to improve the product classification established from laboratory analysis.
